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The electron-density distribution of a new crystal form of coumarin-102, a laser dye, has been investigated using the Hansen-Coppens multipolar atom model. The charge density was refined versus high-resolution X-ray diffraction data collected at 100 K and was also constructed by transferring the charge density from the Experimental Library of Multipolar Atom Model (ELMAM2). The topology of the refined charge density has been analysed within the Bader 'Atoms In Molecules' theory framework. Deformation electron-density peak heights and topological features indicate that the chromen-2-one ring system has a delocalized -electron cloud in resonance with the N (amino) atom. The molecular electrostatic potential was estimated from both experimental and transferred multipolar models; it reveals an asymmetric character of the charge distribution across the molecule. This polarization effect is due to a substantial charge delocalization within the molecule. The molecular dipole moments derived from the experimental and transferred multipolar models are also compared with the liquid and gas-phase dipole moments. The substantial molecular dipole moment enhancements observed in the crystal environment originate from the crystal field and from intermolecular charge transfer induced and controlled by C-HÁ Á ÁO and C-HÁ Á ÁN intermolecular hydrogen bonds. The atomic forces were integrated over the atomic basins and compared for the two electron-density models.
Introduction
Coumarin derivatives substituted at the 7-position with an amino group, namely 7-aminocoumarins, are well known to display fluorescence (Drexhage, 1973) . They form a class of excellent laser dyes in the blue and green regions and display a very high fluorescence quantum yield, sometimes close to unity (Fletcher & Bliss, 1978; Jones et al., 1980 Jones et al., , 1994 Atkins & Bliss, 1978; Tuccio et al., 1973; Marling et al., 1974; . Due to their high fluorescence, they have been used as optical brighteners and fluorescence probes.
However, the quantum yield as well as the fluorescence lifetime of these 7-aminocoumarins in polar solvents depends on the amino group flexibility. Indeed it has been shown that the mobility of the amino group reduces significantly the fluorescence efficiency of these dyes in polar solvents Jones et al., 1985) . Hence, when the amino group is structurally rigid, the corresponding 7-aminocoumarin dyes display a high quantum yield of fluorescence in these same polar solvents.
Several other studies were reported on the behaviour of 7-aminocoumarin dyes in polar and non-polar solvents (Jones et al., 1985; Nad & Pal, 2001; Nad et al., 2003; Senthilkumar et al., 2004; Barik et al., 2005) . These studies revealed that the loss of the fluorescence efficiency of non-rigid 7-aminocoumarin dyes (Scheme 1) in polar solvents is due to the formation of a twisted intramolecular charge transfer (TICT) state. This TICT state is generated in two stages. The first one involves the formation of an intramolecular charge transfer (ICT) structure (Scheme 2), in which the 7-N-alkyl group and the chromen-2-one moiety are coplanar, and the amino group Natom electron lone pair is in resonance with the chromen-2-one cloud. This step is followed by a rotation of 90 of the 7-N-alkyl group with respect to the chromen-2-one moiety.
The formation of an ICT structure has also been postulated for structurally rigid 7-aminocoumarin dyes such as coumarin-102 (C-102, Scheme 3) and coumarin-153 Morlet-Savary et al., 2001) , in which the chromen-2-one ring system and the amino atom are also coplanar.
Besides, the search for clean and low-cost electrical energy revealed that 7-aminocoumarin derivatives constitute one of the most promising dye sources used in the manufacturing of photovoltaic dye-sensitizer-based solar cells (Hara et al., 2001; Hara, Sato et al., 2003; Hara, Tachibana et al., 2003; Wang et al., 2005) . These photovoltaic cells (dye-sensitized solar cells) are a kind of photoelectrochemical solar cell composed of a nanostructured mesoporous oxide semiconductor layer and dye sensitizer attached to the surface. The efficiency of a solar cell is estimated through parameters like the open-circuit voltage, V oc , and the short-circuit current density, J sc . These parameters are not only related to the molecular and electronic structure of the valence (HOMO) and the conduction (LUMO) bands of the material constituting the core of the photovoltaic device, but also in the ability of the dye-sensitizer to inject electrons into the conduction band of the semiconductor which acts as a sponge for the dye-sensitizer. The 7-aminocoumarin dye-sensitizers in photovoltaic devices exhibit their electron injector role in the solid state. It is then important to understand the phenomenon that governs the process of charge transfer within these dye-sensitizers in this state.
In the literature there are several reports on coumarin charge-density analyses (Howard et al., 2009; Munshi & Guru Row, 2005 , 2006 . In the case of 7-aminocoumarins dyes, several structural analyses have been reported (Chinnakali et al., 1989 (Chinnakali et al., , 1990a (Chinnakali et al., ,b,c, 1992 Chinnakali, Selladurai et al., 1990; Selladurai & Subramanian, 1992; Yip, Yaw et al., 1995; Yip et al., 1996; Honda et al., 1996; Jasinski & Woudenberg, 1994 and only one investigation on charge-density determination was performed (Munshi et al., 2010) . Examination of the results of structural studies on the 7-aminocoumarin dyes quoted above shows that the amino group is in the plane of the chromen-2-one ring system. Hence, we can also expect the formation of an ICT structure in the crystal environment. Therefore, a study of the precise electron-density distribution within 7-aminocoumarins dyes in the crystal state will bring precious information on electrondensity distribution and on intra-and intermolecular interactions in those molecules.
Charge-density analysis based on sub-atomic resolution Xray diffraction data collected at low temperature constitutes an effective tool for such a study. It allows modelling the charge-density distribution of molecules in the crystal environment, and also characterization of chemical interactions such as covalent and hydrogen bonds. Furthermore, interatomic or intermolecular charge transfer can be accurately quantified.
The present crystal structure of C-102 is a polymorphic form of that previously reported by Chinnakali et al. (1990c) . The charge-density distribution was analyzed (i) from a refinement against experimental data and (ii) from the experimental library of multipolar atom models (ELMAM2; Domagała et al., 2011) . The original ELMAM library (Pichon-Pesme et al., 2004; Zarychta et al., 2007) was the first experimental database of peptide and amino-acid fragments ever constructed, based on the Hansen-Coppens (Hansen & Coppens, 1978) multipolar formalism. It was updated later onto the ELMAM2 database and was extended from atom types encountered in proteins to common organic molecules. In addition, it is now based on the optimal local coordinate systems described in Domagała & Jelsch (2008) . The topological properties of the charge-density distribution and molecular electrostatic potential analysis have also been performed.
Materials and methods

Experimental part
The pale yellow crystalline powder of Coumarin-102 was purchased from Sigma and dissolved in acetone. Parallelepiped-shaped single crystals of pale yellow color were obtained by slow evaporation at room temperature.
A diamond-shaped yellow crystal of dimensions 0.33 Â 0.65 Â 0.91 mm was mounted on an Oxford Diffraction Xcalibur four-circle diffractometer equipped with a Sapphire CCD detector and an Oxford Diffraction Cryojet N 2 gas stream lowtemperature device. Graphite-monochromated Mo K radiation ( = 0.71069 Å ) was used (0.6 mm collimated) with a generator working at 50 kVand 40 mA. The crystal was cooled from 273 to 100 K with a mean temperature gradient of À2 K min À1 . The detector was kept at a distance of 55 mm from the crystal and the data were collected by the !-scan method (frame width Á! = 0.70 ) within the limits 0 < 2 < 102.6
[(sin /) max = 1.09 Å À1 ]. Three different positions for the detector arm were used ( d = 30
, 6 sets of ! runs, 984 frames, 10 s per frame; d = 55
, 5 sets of ! runs, 647 frames, 30 s per frame; d = 75
, 7 sets of ! runs, 1160 frames, 60 s per frame).
The frames were integrated using the CrysAlis Red software package (Oxford Diffraction, 2009b) . The MOVIE program (Oxford Diffraction, 2009a ) was used to model the shape of the crystal in order to perform a numerical absorption correction procedure. The calculated minimum and maximum transmission coefficients were T min = 0.943 and T max = 0.975 (Clark & Reid, 1995) . A total of 77 717 observed reflections were merged into 13 915 unique reflections up to a resolution of sin / = 1.09 Å À1 in the 2/m Laue group with SORTAV (Blessing, 1989) . This data set provided 98.5% of the data up to sin / = 1.09 Å À1 (100% up to sin / = 1.00 Å À1 ). The systematic errors due to the larger crystal size compared with the collimated beam were corrected by refining a scale factor for each diffraction frame. The advantages (fast data collection, higher diffraction intensities) and drawbacks of a large size crystal have been discussed by Gö rbitz (1999) .
The C-102 crystal contains only light atoms (H, C, O, N) and the minimum and maximum transmission factors differ by only 3.3% (Table 1) . Although the shape of the selected crystal was highly anisotropic, the low internal agreement factor (R int = 0.016, average redundancy = 3.6 up to 1.09 Å À1 ) supports the good quality and consistency of the C-102 merged data set. In general, the use of a crystal which is too large with respect to the X-ray beam is however not recommended, despite most systematic errors being corrected for. This is particularly the case in charge-density analysis, where tiny details in the valence density distribution are studied; these effects can be smaller than the corrections required to take the changing crystal volume into account. Other crystallographic and data collection details are given in Table 1 . The crystal structure of C-102 was solved in the space group P2 1 /n by direct methods using SIR92 software (Altomare et al., 1994) and refined in the spherical atom approximation (based on F 2 ) by full-matrix least-squares with SHELXL97 (Sheldrick, 2008; Table 1 ).
The electron-density refinements were performed with the MoPro program (Guillot et al., 2001; Jelsch et al., 2005) , which uses the Hansen & Coppens (1978) multipolar atom formalism (Coppens, 1997) . The core and valence spherical electron densities were derived from the relativistic Dirac-Fock wavefunctions of Su & Coppens (1997) . Anomalous dispersion coefficients were taken from Kissel et al. (1995) . For non H-atoms, a multipolar description up to the octupolar level (l = 3) was used, while a dipole (l = 1) was applied to all H atoms. The Slater (1932) functions and charge-density parameters are described in the CIF file. 
Experimental multipolar refinement
A complete standard strategy for electron-density refinement, as implemented in MoPro, was performed, starting from the spherical-atom model structure. As low-resolution electron-density features remained in the Fourier residual map, an extinction coefficient was refined which solved the problem. The strategy included a high-order refinement of positional and anisotropic displacement parameters for non-H atoms. Hatom isotropic displacement parameters were restrained to be r times larger than those of their bonded atoms, with r = 1.5 for H atoms belonging to the CH 3 group and r = 1.2 for CH 2 and CH groups. The covalent bond lengths for H atoms were restrained to the average value observed by neutron diffraction (Allen et al., 1987) , with a restraint standard deviation of 0.002 Å . Chemically equivalent H atoms were constrained to have the same set of parameters. Anisotropic displacement parameters for the H atoms were estimated using the SHADE2 (Madsen, 2006) web server and kept fixed at these values yielding the EXPML model.
The calculations of Fourier, deformation and Laplacian electron-density maps were performed with the VMoPro properties calculation tool and the MoProViewer visualization package (Guillot, 2011) .
Database transfer
A total number of 16 unique atom types from the extended ELMAM2 database were assigned to 36 atoms of C-102. In the ELMAM2 database the electron density of the non-H atoms was described up to octapolar level, while for H atoms it was described only using the bond-directed dipole (d z ) and quadrupole (q 3z 2 À1 ) components along with the monopole function.
As the transfer procedure also involves atomic valence populations, a discrepancy with respect to the expected formal charge of the molecule can occur. In the present study, after transfer, the resulting excess charge for C-102 was +0.301 e, corresponding to only +0.0083 e per atom, on average. The molecule was then neutralized by applying a constant charge shift to all atoms, including hydrogen. Subsequently, the transferred charge-density parameters were kept fixed while the scale factor, atomic positions and non-hydrogen ADPs were refined against experimental data, yielding the ELMAM2 model.
Electrostatic potential, field and derived properties
The electrostatic potential È(r) displayed here is calculated using the direct integration method
The summation j is extended to the N atoms of the molecule. R j and Z j are the position and the nuclear charge of the jth atom, respectively (Stewart, 1982; Weber & Craven, 1990; Volkov et al., 2006; Ghermani et al., 1993) . Starting from the electrostatic formula, E(r) = ÀrÈ(r), where E is the electric field vector, we have implemented the calculation of the electrostatic field using ELECTROS (Ghermani et al., 1992a,b,c) . As for the potential, the electrostatic field contains the nuclear contribution. Both the electrostatic potential and field are non-local properties exhibiting the nucleophilic and electrophilic regions of a molecule and thus are very useful for understanding its chemical reactivity (Bouhmaida et al., 2002; Novaković et al., 2007) . The integrations were performed on atomic basins which are obtained from the topological analysis of the total electron density, based on the atoms in molecules (AIM) theory (Bader, 1990; Henkelman et al., 2006) . Therefore, given an atomic surface S, one can easily derive atomic charges (Volkov et al., 2000) from the flux of the electric field through the equation
where n is the normal to the surface at any point. Moreover, the Maxwell stress tensor M can be introduced as the classical component of the quantum stress tensor. The former is expressed as where E x , E y and E z are the components of the electric field in an orthonormal basis and 1 Supplementary data for this paper are available from the IUCr electronic archives (Reference: GW5019). Services for accessing these data are described at the back of the journal.
squared. (3) is the third-order identity tensor. For clarity, M is multiplied by 4.
Starting from an atomic volume A we have shown in earlier works (Bouhmaida & Ghermani, 2008; Bouhmaida et al., 2009 ) that the resulting force acting on an atom is expressed as the flux of the Maxwell tensor through the surface delimiting the atomic volume and thus we have
The total electrostatic force obtained here is the sum of the Feynman and the Ehrenfest forces. The former is acting on the nucleus and the latter is acting on the electrons (Bader, 1990 (Bader, , 2007 Herná ndez-Trujillo et al., 2007; Bouhmaida & Ghermani, 2008) . For molecules in a stationary state, the molecular envelope Ehrenfest force is vanishing. However, the Ehrenfest forces acting on atoms in a molecule are dominant and balance each other, leading to molecular cohesion. For molecules at equilibrium, the Feynman force on each nucleus should be zero. The latter condition is usually not satisfied when experimental electron density is used (Bouhmaida & Ghermani, 2008 , and references therein).
The atomic surface considered here delimits the volume, as defined by Bader (1990) . For both charges-and forces-derived electrostatic field calculations, the BADERWIN program (Sanville et al., 2007) was used. The program provides the volume of each atom in a separate file, which is very useful to define the atomic surface. In our approach, the surface S of each atom in the molecule is defined as a cloud of points corresponding to a particular cut-off of the electron density. The surface is then triangulated using a Delaunay triangulation method implemented in the GHS3D program (Gamma Project, INRIA, Rocquencourt, France). The flux is calculated numerically.
A sharing surface between two adjacent atoms can be obtained. The flux of the electric field through this interatomic surface leads to interatomic forces (Chambrier et al., 2011) . One focus of this paper is the calculation of the atomic charges and the quantification of the total atomic electrostatic forces moduli, as well as the interatomic forces. The latter is projected onto the bond line to estimate its magnitude. These force calculations are performed on the coumarin molecule C-102 from the EXPML and ELMAM2 library of electrondensity parameters for comparison.
Results and discussion
Molecular and crystal structure
The crystallographic data and statistics, as well as the leastsquares refinements details are listed Table 1 together with those obtained by Chinnakali et al. (1990c) at room temperature on the other crystal form. Both polymorphs crystallize in similar monoclinic systems with the same Z = 4 (the structures were solved in space groups P2 1 /n in the present study and P2 1 /a in the other form). The ORTEP diagram of atomic anisotropic displacement ellipsoids along with numbering scheme for the present structure at 100 K is displayed in Fig. 1 . The bond lengths and angles involving non-H atoms are listed in the supplementary materials (Table S3 ). The dihedral angles of the julolidyl ring system are reported in Table 2 for both polymorphic structures. In the new structure the chromen-2-one moiety is planar and both piperidine ring systems adopt a flattened half-chair conformation, as earlier reported by Chinnakali et al. (1990c) . Slightly increased covalent bond lengths are observed, on average, in the present polymorphic structure at 100 K, the largest discrepancy being 0.068 Å for the C13-C14 bond.
In addition, the comparison analysis of dihedral angles in both structures clearly shows that the julolidyl ring system has different conformations. In the other polymorph the julolidyl ring displays an anti conformation, whereas in the current structure at room temperature this ring system has a syn conformation. The existence of two distinct conformations of ORTEP view (Farrugia, 1997) of the C-102 dye molecular structure and atomic numbering scheme. Anisotropic displacement ellipsoids of all atoms are drawn at the 50% probability level. H-atom numbering is omitted for clarity. 
16.14 (2) 33.4 (4) C7-N15-C16-C17 22.17 (2) À41.8 (6) C14-N15-C7-C6 10.64 (2) À12.1
the julolidyl ring system in the two structures provides evidence that the two crystal structures are conformational polymorphs. The molecular crystal-packing arrangements illustrated in Fig. 2 show distinct orientations of the molecules in the two crystal forms. In the other polymorph, molecules stack in head-to-head and tail-to-tail fashions along the c axis (Fig. 2a) . On the other hand, in the current packing (Fig. 2b ) the molecules stack along the b axis in a head-to-tail fashion.
The molecules also form extended surface head-to-tailinteractions along the a axis. A view of the crystal packing, illustrated in Fig. 3 (a), displays three intermolecular C-HÁ Á ÁO interactions, identified as hydrogen bonds from PLATON (Spek, 2003) . The carbonyl O11 atom acts as an acceptor in these C-HÁ Á ÁO hydrogen bonds (Table 3) . These hydrogen bonds contribute to the consolidation of crystal packing via the formation of double molecular chains, as shown in Fig. 3(b) .
The unit cell of the crystal (Table 1) was also measured at room temperature to compare the crystal compactness with the other crystal forms published by Chinnakali et al. (1990) . At room temperature the current crystal form is slightly more compact with a 2.0% reduction of the unit-cell volume. The volume decrease from room to cryogenic temperature reaches 2.8%. By comparison, there is a similar unit cell shrinking for coumarin 314, orange and yellow crystal forms (Munshi et al., 2010) , of 2.4 and 2.9% from room temperature to 100 K.
Deformation electron density
The residual electron-density map of C-102 in the chromen-2-one plane obtained after multipolar refinement against the experimental data is shown in Fig. 4 . The absence of significant electron-density peaks on the covalent bonds and on atom sites testifies to the high quality of diffraction data on one hand, and on the other hand the efficiency of the Hansen & Coppens multipolar modelling in the description of the experimental electron-density distribution. Hydrogen bonds revealed from geometric characteristics using the PLATON program (Spek, 2003) . 
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The static deformation electron-density maps of EXPML and ELMAM2 models as well as their difference in the chromen-2-one plane are illustrated in Fig. 5 . A coherent trend in the description of the deformation electron density emerges from the maps of both models (Figs. 5a and b) . The difference between the two maps is shown in Fig. 5(c) and confirms the good qualitative and quantitative agreement between the EXPML and ELMAM2 models.
As shown in Figs. 5(a) and (b), the covalent bonds as well as the electron lone pairs are well represented by the electrondensity peaks. On these maps, the polar character of C-O and C-N bonds is clearly revealed by the shift of the electrondensity towards O and N atoms, which are more electronegative. A clear difference is also visible between C-O single and C O double bonds, characterized by a great disparity in electron-density peak heights, with $ 0.35 and $ 0.85 e Å À3 , respectively. The chromen-2-one ring system presents bonding electron density on the C arom -C arom non-polar covalent bonds that are of almost identical shapes, with EXPML peak-height values ranging between 0.50 and 0.75 e Å
À3
. The lowest and highest electron-density peak values correspond to C4-C10 and C4-C3, which are vicinal bonds of the pyran-2-one part of the molecule, where the C4 atom holds the methyl substituent. This difference in peak height is very likely due to the presence of the electron-donor methyl group at the 4-position in the chromen-2-one ring system. However, the average peak height of the bonding electron density in the chromen-2-one ring system is close to 0.65 e Å
, a value comparable to those usually found in phenyl rings (Kubicki et al., 2002) .
In both piperidine rings, electron-density peaks of all C-C bonds have quasi-identical magnitudes (0.43 AE 0.06 e Å À3 ), whereas a clear difference can be observed for the C-N bonds. Indeed, two categories of C-N bonds appear. On one hand, the C14-N15 and C16-N15 bonds with bonding electron density reaching 0.35 and 0.4 e Å À3 , respectively. On the other hand, the C7-N15 bond displays a significantly higher bonding electron-density peak of 0.5 e Å À3 . These features are correlated to the corresponding covalent bond Residual Fourier electron-density map of the C-102 dye in the chromen-2-one plane after multipolar refinement. Contours AE0.05 e Å À3 . The map was computed up to sin / = 0.8 Å À1 .
Figure 5
Static deformation electron-density maps in the chromen-2-one plane. (a) Experimental; (b) ELMAM2 transfer; (c) difference ELMAM2 À EXPML. Contours AE 0.05 e Å
À3
. Positive, negative and zero value contours are in blue, red and yellow lines, respectively. In (a) and (b) the atom labels have been omitted for clarity. lengths (Table 2a) . Among the three C-N bonds, the C7-N15 bond in which the N15 amino atom is bound to the aromatic ring, has a higher deformation electron density peak (0.5 versus 0.4 e Å
) and is of particular interest. Indeed, its electron-density peak height is close to the values observed on the C-C aromatic bonds, which indicates that the C7-N15 bond appears to have partially a double character and suggests the existence of a resonance phenomenon between the amino N15 atom and the chromen-2-one moiety.
Topology of covalent bonds
The topological analysis of the total electron density (r) and the localization of the critical points (CPs) were performed using VMoPro. The topological properties at CPs of all covalent bonds were calculated for both EXPML and ELMAM2 models (Fig. 6, Table S1 ). All these bonds are characterized by (3,À1) critical points each having a negative value for the electron density Laplacian (Fig. 7) . Furthermore, the topological values at the bond CPs in C-102 for EXPML and ELMAM2 models present the same trend and highlight an excellent quantitative agreement. The Laplacian map derived from the ELMAM2 models and the difference ELMAM2-EXPML are shown as supplementary material. Differences are difficult to see in the Laplacian maps, while a table of topological values (Table S1 ) enables quantitative comparison. The difference in Laplacian maps, on the other hand, gives similar information to the electron-density difference (Fig. 5c) .
The two models provide generally comparable estimates of the topological properties of the charge density (Table S1 ). The largest differences in cp values between the two models were observed for the C2-C3 (+0.12 e Å
À3
) and C2-O11 (+0.09 e Å À3 ) bonds. The root mean-square difference r.m.s.d. ( cp ) is 0.040 e Å À3 , corresponding to 2.0% in relative value. For the Laplacian r 2 cp , the largest discrepancies occur for the C2-O1 and C2-C3 bonds (À2.7 e Å À5 ) and the r.m.s.d. is 0.9 e Å À5 or 5.5% in relative value. The ellipticities " at the covalent bond CPs are represented for both models in Fig. 8 . The ellipticity differences do not exceed 0.07 and the r.m.s.d. is 0.026, which corresponds to a relative difference of 20%. The C arom -C arom bonds of the chromen-2-one part show a cluster of " values around 0.24 AE 0.03 for both models and include the N15-C7 bond. The other two C-N bonds, the C-O and C arom -Csp 3 bonds show moderate ellipticities around 0.12 AE 0.02, while the Csp 3 -Csp 3 bonds all have ellipticities lower than 0.04. According to the Laplacian map (Fig. 7) , the asymmetric bonds (C-O and C-N) show larger regions of electron accumulation on the bonds on the side of the heaviest atom. In these heteronuclear bonds, the CPs also lie significantly closer to the C atom; this is due to a greater accumulation of the electron density towards the more electronegative O and N atoms. The topological features such as the electron density magnitude and the Laplacian values at the CPs correlate in an excellent way to the structural features and to the peak heights of electron density. Again, they reveal the very pronounced difference between the single and double bonds occurring in the structure. Laplacian of the total experimental electron density in a chromen-2-one ring system plane. Contours AE 2, 4, 8 Â 10 n e Å À5 , n = À1, 0, 1. Blue contours indicate the positive region; red lines -negative regions; yellow dashed line -zero regions. Bond critical points are denoted with + symbols.
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The C-C bonds in the chromen-2-one moiety show topological properties at CPs similar to those of the phenyl ring (Kubicki et al., 2002; Bouhmaida et al., 2009) and are comparable to those observed by Howard et al. (2009) in the study of the experimental charge density of coumarin-3-carboxylic acid. As expected, the values of these topological parameters clearly indicate a significant character common to all C-C bonds of the chromen-2-one ring system. The influence of the methyl group substituted at position 4 in the chromen-2-one ring is also shown by the magnitude of the topological parameters and r 2 at the CPs, which are higher for the C3-C4 bond than for the C4-C10 bond (Fig.  6) . The presence of the electron-donor methyl group facilitates the electron populating toward the C3-C4 bond, which is closer to the C2 O11 carbonyl group rather than to the C4-C10 bond direction.
The topological analysis of the C-N bond indeed confirms the existence of two categories of C-N bonds in this laser dye molecule. The values of the charge density and Laplacian at the C7-N15 CP ( = 2.12 e Å ). These values indicate a higher electron concentration at the critical point of the C7-N15 bond compared with those of the C14-N15 and C16-N15 bonds. Furthermore, the ellipticity values at these same critical points (0.20 versus 0.14 and 0.10) also confirm the greater character of the C7-N15 bond. As already observed in the electron-density peak-height analysis, these features reveal that the C7-N15 bond presents a double-bond character compared with the C14-N15 and C16-N15 bonds. The similarity observed at the level of the topological properties of the C-C bonds in the chromen-2-one system ring and of the C7-N15 bond suggests the existence of electron-density resonance and consequently theelectron cloud delocalization in this part of the molecule. 
Topology of C-HÁ Á ÁX interactions
The nature of the Hirshfeld surface contacts in the crystal packing were computed by the program CrystalExplorer (McKinnon et al., 2004) . HÁ Á ÁH account for 56% of the crystalpacking contacts, while CÁ Á ÁH and OÁ Á ÁH account for 20%. The intermolecular interactions were analyzed on the basis of the atoms in molecules (AIM) theory (Bader, 1990) . The experimental and ELMAM2 topological parameters at the CPs are summarized in Table 4 . As expected, the two O atoms which are possible hydrogen-bonds acceptors are involved in C-HÁ Á ÁO intermolecular interactions. The N atom is slightly pyramidal and forms a weak C-HÁ Á ÁN interaction with H23B.
The intermolecular interactions network is particularly dense around the carbonyl O11 atom, which is the strongest potential hydrogen acceptor site on the molecule. Indeed, among the eight (3,À1) CPs found along the C-HÁ Á ÁX interaction paths (Table 4) , the O11 atom is involved in six of them, while the atoms O1 and N15 are involved in the two remaining ones.
All these CPs have positive Laplacian values, characteristics of closed-shell interactions and display an average electrondensity magnitude of 0.04 (1) e Å
À3
. The electron density, Laplacian, Hessian eigenvalues and ellipticities on these intermolecular CPs show very similar r.m.s. values in the EXPML and ELMAM2 models. The discrepancy between the two models is low, between 5 and 9%, for the different properties, except for the ellipticity which is a quotient and is very sensitive to variations of small numbers.
The first three interactions to O11 in Table 4 have HÁ Á ÁO distances lower than the sum of the van der Waals radii and can be considered as true hydrogen bonds. The O11Á Á ÁH5 hydrogen bond is the strongest, as indicated by the large 3 eigenvalue and electron-density value at the CP of the interaction path (Espinosa et al., 1999) .
The classic role devolved to these HÁ Á ÁO and HÁ Á ÁN interactions is the strengthening of the crystal packing cohesion. They also lead to the formation of optimal supramolecular architecture, in which the O11 atom site plays the leading role as an acceptor agent in the process of intermolecular charge attraction within the crystal.
Electrostatic potential and net atomic charges
The electrostatic potential generated by the C-102 molecule dye extracted from the crystal has been calculated from the electron-density distribution of the EXPML and ELMAM2 models. The net atomic charges have also been calculated and are reported in Table 5 . Examination of Figs. 9(a) and (b) shows that the shapes of the molecular electrostatic potential are globally similar, which shows the good qualitative and quantitative agreement between the EXPML and ELMAM2 models.
The unique region of the molecule presenting a negative electrostatic potential in Figs. 9(a) and (b) is in the pyran-2-one part of the molecule and covers, as expected, the O11 and O1 atom sites. This negative electrostatic potential reaches its minimum value near the O11 carbonyl atom electron lone pairs, with values of À0.15 and À0.25 e Å À1 for the EXPML and ELMAM2 models. This observation is supported by the magnitudes of the net atomic charges N val À P val of O11 and O1 atoms, which are both À0.22 (3) e for the EXPML model, À0.14 and À0.25 e, respectively, for the ELMAM2 model.
The N15 atom has a negative net charge comparable to that of the O1 atom in both models, which is in disagreement with the results suggested by the studies of 7-aminocounarin dyes in the liquid phase (Nad et al., 2003; Senthilkumar et al., 2004; Barik et al., 2005) , where the N atom is positively charged in the ICT structure (Scheme 2).
The negative character of the charge carried by the amino N15 atom in the crystalline environment can be explained in the following way. The N15 atom participates in the formation of the ICT structure by means of its electron lone pair which is in resonance with the chromen-2-one system -cloud during the process of intramolecular charge transfer. The N15 atom is slightly pyramidal and also functions as a proton acceptor site in intermolecular charge-transfer, which is illustrated by the C23-H23BÁ Á ÁN15 (d HN = 2.74 Å ) interaction, whose topological characteristics at the CP are reported in Table 4 . A recent report on the molecular characterization of C-102 using a sophisticated method of calculation (hybrid meta-GGA M05-2X functional within the framework of the DFT theory; Glossman-Mitnik, 2009) shows the existence of a negative charge on the N15 atom. Furthermore, quantum mechanics calculations on the basis of empirical methods on a similar molecule also indicate the presence of a negative charge on the N atom (Kumar & Maroncelli, 1995; Diraison et al., 1998) .
The electropositive potential surfaces (Figs. 10a and b) extend around the H atoms and correlate in an excellent way to the positive charges of the H atoms bound to C atoms.
The molecular electrostatic potential maps (Fig. 9 ) and surfaces ( Fig. 10) Table 5 Atomic net charges (e), defined from the Hansen & Coppens (1978) model, as N val À P val , of the C, N and O atoms in C-102 for the EXPML and ELMAM2 models. distribution of charges along the molecule of C-102. This asymmetric charge distribution induces high polarization effects along the molecule which is attested by significant molecular dipolar moment values (Table 6 ).
Molecular dipole moments
It is well known that the molecular dipole moment is an observation of fundamental importance in charge-transfer phenomenon within a molecular entity. The quantitative charge-density analysis of accurate single-crystal X-ray diffraction data provide detailed information on the dipole moment of molecules in a crystalline environment. However, the molecular dipole moments derived from such studies often present pronounced enhancements compared with independent theoretical estimates in which intermolecular effects are not taken into account (Spackman et al., 2007) . Electrostatic potential at the van der Waals molecular surface (a) from experimental charge density; (b) from the ELMAM2 database transferred model. Figure 9 Molecular electrostatic potential maps around the chromen-2-one plane generated by a C-102 molecule isolated from the crystal. Table 6 lists the dipole moment values of C-102 obtained from the X-ray experimental and transferred multipole models and from two other approaches:
(i) from experimental measurements in chloroform solution (Muhlpfordt et al., 1999) , a non-polar solvent in which there are no strong solute-solvent interactions;
(ii) from DFT calculations using the PBEO functional at the 6-311G(d,p) basis set level (Cave & Castner, 2002) , which simulates the gas-phase.
The dipole moment measured in solution is slightly higher than that computed in the gas phase. Enhancement of the magnitudes of the dipole moments derived from both experimental and ELMAM2 multipolar models with respect to the value obtained from the theoretical calculations are reported in Table 6 . As expected, the molecular dipole moments in the crystal obtained from both multipolar models present substantial enhancements compared with those derived from the non-polar solution and gas phases (Spackman et al., 2007; Paul et al., 2011) . The EXPML model presents a dipole moment enhancement (+57%) which is acceptable. For Spackman et al. (2007) an increase in excess of 100% is conceivable but depends on crystal packing. The dipole moment obtained from the transferred ELMAM2 model is however significantly larger than the experimental one.
The experimental dipole moment value of C-102 in solution (6.98 D) is of particular interest. Indeed, this value lies in the range observed for the molecules 7-aminocoumarin C1 and C30 (6.35 and 7.6 D in the liquid phase; Senthilkumar et al., 2004; Barik et al., 2005) , in which substantial intramolecular charge transfer was observed. This suggests the existence of intramolecular charge transfer in C-102. In the crystal environment, this intramolecular charge transfer is extended to a charge transfer between molecules induced by hydrogen-bond interactions and revealed by the molecular dipole moment enhancement. Table 7 lists the atomic charges (Q Eflux ) and forces derived from the electrostatic field calculated from C-102 EXPML and ELMAM2 electron density. For comparison, the EXPML and ELMAM2 derived charges (Q AIM ) obtained from integration of the electron density within atomic basis using the BADERWIN program are also listed; they show a high correlation of 98.5%.
Electrostatic field derived atomic charges and forces
A good consistency is obtained between the two Q Eflux charge calculations and the EXPML Q AIM charges. The largest discrepancy between EXPML Q Eflux and Q AIM charges, occurring on the O1 atom, does not exceed 0.08 e. As expected from the atomic hybridization, the carboxyl O11 atom exhibits the highest negative EXPML charge (Q Eflux = À1.10 e). The most positive charge (1.25 e) is obtained on the ester C2 atom. The N15 atom and the O1 atoms also exhibit highly negative charges (À0.90 and À1.01 e). The C14, C16 and C7 atoms, which are connected to the N atom and C9 atom, which is connected to O1, exhibit moderate positive charges, in the +0.23 to +0.43 e range. All other C atoms exhibit very small charges (À0.06 e on average for Q Eflux of the EXPLM model). The H atoms are overall slightly positively charged: the highest charges (+0.14 e and +0.15 e) are obtained on the H3 and H18A atoms.
The moduli of the atomic electrostatic forces calculated on the C-102 EXPML model are also given in Table 7 . As pointed out earlier (Bouhmaida & Ghermani, 2008) , the total force, resulting from the sum of the interatomic forces, reflects the anisotropy of the electron-density distribution in different bonding directions. It is also worth noting that the atomic forces depend on the sign and the magnitude of the electrostatic field components in the interatomic regions. The atomic forces therefore depend on the hybridization state and on the chemical symmetry environment of the atomic site more than on the nature of the atom itself. For instance, atoms involved in a bond (polar) show electrostatic forces greater than those of atoms involved in a bond (non-polar). Hence, higher force moduli (1.59 and 0.91 e 2 Å À2 respectively) are, as expected, observed for the carboxyl atoms O11 and C2 respectively. The O1 atom bonded to C2 and C9 is in a more symmetrical environment leading to a significant decrease of the resulting force (0.53 e 2 Å À2 ). The same situation holds for N15 (0.23 e 2 Å À2 ) linked to three C atoms. The C7 and C9 atoms exhibit forces of 0.29 and 0.35 e 2 Å À2 corresponding to the anisotropy of their chemical environments, i.e. connected to two C-C bonds and a C-N (C-O) bond. C10, C6, C4 and C8 atoms which occur in most symmetrical environments display forces ranging from 0.06 to 0.13 e 2 Å
À2
. Among the Csp 3 atoms, only C16 exhibits a high force value of 0.25 e 2 Å
, while the other atomic forces range from 0.12 to 0.17 e 2 Å
. All the H atoms of CH or CH 2 nature exhibit a total force ranging from 0.21 to 0.25 e 2 Å À2 . The methyl H atoms show, however, slightly greater forces (0.31 e 2 Å À2 on average).
For comparison, Table 7 also lists the charges and total atomic forces obtained by the flux of the electric field through the atomic surface from C-102 ELMAM2 modelling. The overall behavior, as obtained from C-102 EXPML, in Q Eflux charge calculation is observed: i.e. the highest charges are obtained on the most electronegative atoms as expected. A larger discrepancy (0.18 e) is however obtained on N15 and the most positive charges are obtained for C7 and C9 atoms. The agreement does not hold for C14 and C16 atoms (bound to a N atom), where neutral Q Eflux charges are calculated (0.02 e for both) from the ELMAM2 library. All the H atoms exhibit sensitively higher Q Eflux charges (0.13 e on average) in comparison with experimentally derived charges (0.04 e on average). The C12, C13 and C23 atoms show significantly much more negative ELMAM2 Q Eflux charges; the average charge is À0.23 e calculated from the ELMAM2 parameters instead of À0.08 e in experimental results. Globally the two sets of Q Eflux charges show a correlation of 97.5%, while r = 99.3% for the EXPML Q Eflux and Q AIM charges.
Comparison of the atomic forces in the C-102 EXPML and ELMAM2 library electron densities also shows similar overall trends, with a correlation coefficient reaching 98.3%. The best agreement is indeed obtained for the H atoms where the discrepancy between the two calculations does not exceed 0.05 e 2 Å
. In the ELMAM2 model, high atomic forces are also calculated on the most asymmetrical atomic environments of electron density, i.e. O1, O11, C2, C7, C9, C14 and C16 atoms. The largest disagreements are observed on O11 and C2 atoms which reach 0.6 and 0.4 e 2 Å
respectively. Table 8 shows the interatomic forces calculated in the C-102 molecule. The bonds were classified by chemical similarities (single C-O, conjugated C-O, single C-CÁ Á Á) for clarity. As expected from the atomic hybridization, the C2 O11 conjugated bond exhibits the highest interatomic EXPML force (1.18 e 2 Å
). This value decreases to 0.30 e 2 Å
, on average, for the C2-O1 and C9-O1 single bonds. A significantly larger interatomic force is obtained in the C7-N15 bond (0.16 e 2 Å
) compared with the two other C-N bonds (0.05 e 2 Å À2 on average). Similar interatomic force values ranging from 0.21 to 0.28 e 2 Å À2 are obtained for the C-C conjugated bonds. Consistency is also obtained on the C-C and C-H single bonds (the interatomic force average is 0.14 and 0.24 e 2 Å À2 respectively). Higher interatomic force values are calculated on the C-H methyl group (0.30 e 2 Å À2 on average).
These interatomic force values are very similar to those reported in our previous work on piracetam (Chambrier et al., 2011) . Table 8 also lists the results of interatomic forces in the C-102 ELMAM2 model. The only large discrepancy between the two models is related to the C2 O11 bond, which has an overestimated interatomic force in the ELMAM2 model (1.79 e 2 Å À2 rather than 1.18 e 2 Å À2 obtained from C-102 EXPML). For all other bonds, very good agreement is obtained between the ELMAM2 library and experimental results, with an r.m.s. deviation of 0.025 e 2 Å
.
Conclusion
The present study provides an electron-density analysis in the solid state of the coumarin-102 dye. The use of low-temperature high-resolution X-ray diffraction data allowed a high quality charge-distribution model to be obtained. Topological analysis revealed the existence of the delocalization of the electron cloud of the chromen-2-one ring, which is in reso- nance with the N amino atom and indicated the existence of an intramolecular charge transfer. The dissymmetric character of the charge distribution generating a dipole moment along the molecule was also established. The substantial molecular dipole moment enhancement in the crystal environment is due to the crystal field and the intermolecular charge transfer induced and controlled by the intermolecular hydrogen-bond network. Besides, the very satisfactory level of agreement observed between the experimental and ELMAM2 charge-density models strongly encourage the use of the database transfer approach in investigations of quantitative crystal engineering in the absence of high-resolution diffraction data.
The atomic basins calculated from Bader's (1990) atoms in molecules theory are used to obtain an estimation for the atomic charges and electrostatic total forces through the introduction of the Maxwell tensor. These atomic forces are conformation-dependent and reflect the bond hybridization and the local symmetry of electron density. They represent a measure of the deviation of the electron density from both chemistry-environmental and conformational symmetries. The atomic forces derived from the experimental and ELMAM2 charge-density parameters show globally similar trends. The largest discrepancies are obtained on the carboxyl C O atoms.
To bypass the symmetry effects, the interatomic forces between connected atoms were also calculated. These forces seem to be enhanced by a balance between the bond polarity and the electrons. The results obtained on single and conjugated C-C bonds and also on C-H bonds are very similar to those reported on the three polymorphic crystal forms of piracetam. Very good agreement is generally observed between the interatomic forces derived from experimental and ELMAM2 charge-density parameters.
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